The interaction of edge states via localized states leads to the "generic" breakdown of the quantum Hall effect. Using a versatile two-antidot structure we study the magnetoconductance oscillations of coupled antidot systems in regimes where "atomic" modes exist around individual antidots in addition to "molecular" modes encompassing both antidots. We find and discuss an apparent passivity of the molecular modes during both resonant transmission and reflection processes.
Since the discovery of the quantum Hall effect (QHE) [1] and its interpretation in terms of magnetic edge states [2] considerable insight into the phenomenon has been acquired from studies of its breakdown mechanisms and the related inter-edge-state scattering processes [3] . Breakdown results when the chemical potentials of the current carrying edge modes on opposite sides of the Hall bar equilibrate. In narrow devices such equilibration can be mediated by tunneling through discrete bound states formed at individual potential inhomogeneities within the bulk of the device [4] . For wide devices the resonant path requires an improbable chain of resonant states across the sample. These processes have been reproduced using "artificial" potential inhomogeneities, i.e., electrostatically defined single antidots (ADs) [5] .
Several fundamental questions still remain unanswered. For example, calculations of the single-particle AD spectrum predict that resonances associated with tunneling through discrete sets of levels, each set originating from an edge mode bound at the AD, occur at irregular energy and field intervals. Usually, however, a simple almost periodic magnetoconductance is observed [5, 6] , indicating that a single set of levels dominates the transport. Spatial proximity between the modes carrying the current and the bound states would point to this being the outermost set of bound levels. Such spatial proximity arguments have often been invoked in quantum dot and antidot experiments [7] [8] [9] . However, spatial proximity cannot by itself explain the observed single period at low fields where all modes strongly overlap. To gain further insight we have fabricated a device in which resonances originating from different edge modes can be easily distinguished.
The device (Fig. 1 ) was fabricated on an AlGaAs͞GaAs heterostructure with a two-dimensional electron gas (2DEG) density and mobility of 3.2 3 10 11 cm 22 and 10 6 cm 2 ͞V s, respectively (N.B. the 2DEG was 82 nm beneath the surface). It consists of six electrostatic gates, four of which define a 5 mm by 1 mm wire. Two 0.2 mm diameter antidots placed symmetrically within the wire form three 0.2 mm wide constrictions. We use ͕X, Y , Z͖ to describe the configuration with X and Z spin unresolved edge modes in the outer and Y in the center constrictions.
The two antidot gates were contacted independently using an insulator bridge technique [10] (not shown). This allowed us to set the three potential barriers independently. Measurements were made using conventional low power ac techniques at 100 mK. Similar results were obtained after three different amounts of illuminations with a red light-emitting diode.
The behavior of the device in the ballistic transport regime is described elsewhere [11] . At higher fields discrete magnetically bound states exist around the antidots. These play no role in the adiabatic edge-state transport regime where the conductance on the QHE plateaus is determined by the constriction with the largest number of modes. At intermediate fields an appreciable overlap exists between wave functions of different edge modes. Tunneling through the antidot bound states modulates the device conductance by allowing the edge state chemical potentials on either side of the antidot to equilibrate [12] . Tunneling enhances (decreases) the conductance if it occurs between reflected (transmitted) modes (see Fig. 1 ). It is possible by scanning the appropriate field regime to observe pure transmission or reflection resonances. We use RT͕X, Y , Z͖ and RR͕X, Y, Z͖ to refer to configurations in which the resonances are transmissive or reflective, respectively. By pinching off one constriction (viz., ͕X, X, 0͖ or ͕X, 0, X͖ ) two sizes and shapes of "single" ADs are defined. The magnetoconductance periods, DB, and the oscillation onset temperatures, T A , for the two sizes of antidots are found to be in reasonable agreement with an energy level spectrum derived from a simple noninteracting (NI) model (i.e., DB h͞eA, where A is the area enclosed by the mode and k B T A ϳ DE where DE is the level spacing of the bound states). The model assumes a Gaussian antidot potential, and the level spectrum is deduced from the positions of states which enclose an integer number of flux quanta.
In this paper the "molecule" is set up to have one and two modes in the center and outer constrictions, respectively [i.e., ͕2, 1, 2͖ in Fig. 1(c) ]. Within a single-particle picture this arrangement results in sets of discrete ("atomic") states around each antidot and another set of ("molecular") states encompassing both antidots. We consider first the RT situation. The versatility of this device allowed us to continuously transform the geometry from a single dumbbell antidot to a molecular configuration. This is schematically illustrated in Fig 2 ͞h quantum plateau. The "X" feature is due to cyclotron trapping [11] .
observed with a 12 mT period rising above a 4e 2 ͞h "baseline" conductance. This period is consistent with geometrical considerations for the ͕2, 0, 2͖ antidot. While the NI model predicts approximately a 20% difference in areas for each of the two modes only a single sharp FT peak is seen [e.g., Fig. 3(a) ] confirming that the resonances originate from a single mode. Figure 2 (b) shows a typical result for the molecule ͕2, 1, 2͖. The conductance has a large amplitude ͑ϳe 2 ͞h͒ periodic behavior which rises above 4e 2 ͞h confirming the RT character of these oscillations. The period, however, is now in agreement with the geometric size of the atomic mode. Within this NI picture the period can only change abruptly on forming the molecule if the resonances are related to the inner bound mode.
To corroborate this picture, we searched for a coexistence of both periods. This existed over an extremely narrow voltage range just above the center constriction's pinch off gate voltage. This range corresponded to a less than 5% change in the center constriction's density. As the center constriction begins to conduct, electrons in the inner mode have a finite probability of being in either an atomic or molecular level, and the presence of both periods might be expected. Fourier transforms illustrating the extremely narrow transition region are shown in Fig. 3 . The molecular resonances in Fig. 2(b) are clearly nonsinusoidal. Such "triangular" line shapes are also observed in the RT͕1, 1, 1͖ measurements, i.e., two antidots in parallel, where it is found that the line shape can be reproduced (using unitary scattering matrices [6, 13] ) if a finite probability exists that the electrons transfer between the two antidot atomic 
2 ͞h conductance from the extra transmitted mode in the outer constrictions.
We also investigate resonant reflection through the molecule, i.e., RR͕2, 1, 2͖. In multiple antidot devices, magnetic field sweeps are complicated because all the sets of levels are swept continuously through the Fermi energy. The versatility of our device, however, permits us to overcome this limitation. Magnetic field calibration sweeps are used to identify the field regime over which the RR͕2, 1, 2͖ configuration holds for a range of antidot gate voltages. If the gate voltage applied to one AD is swept at a fixed field, then ideally only this AD's levels cross the Fermi energy (N.B. at these low magnetic fields the gate voltage oscillation period for a single antidot scales as 1͞B consistent with a simple NI model [14] ). The potential between the two antidots is also, however, altered in such sweeps affecting both sets of levels. Basic electrostatic considerations indicate that for our device the atomic levels of the AD whose voltage is swept should pass through the Fermi energy at approximately 5 times the rate of the second antidot. We therefore adopt the following strategy. First the voltage applied to the top antidot is swept at a fixed magnetic field. The procedure is repeated at different magnetic fields until the full field range is covered. Figure 4 results, plotted as a grey-scale image for the RR͕2, 1, 2͖ configuration. For comparison Fig. 4(a) is a grey scale obtained for a single antidot ͕1, 1, 0͖. The dark (light) regions are higher (lower) conductance. Two sets of parallel lines are visible in Fig. 4(b) . The full sets of lines are redrawn for clarity in Fig. 4(c) . Both sets have a similar period in magnetic field, DB ഠ 27 mT. This is the period associated with the atomic levels. Along the gate voltage axis, however, the "n" lines have 5 times the period of the "m" lines. Light regions exist where the two lines cross. For a single antidot (e.g., ͕1, 1, 0͖) only the m set of lines is obtained; see Fig. 4(a) . Figure 4(b) is interpreted in the following way. The m (n) lines arise from the atomic level resonances of the top (bottom) antidot. The gate voltage period difference is in agreement with the electrostatic considerations mentioned above, whereas the magnetoconductance periods are similar since the levels from both antidots enclose approximately the same area ͑DB~1͞A͒. There are, as in the case for the RT configuration, no resonances with a magnetoconductance period characteristic of the molecular mode. If one temporarily disregards the expected role of this outer mode, then within a NI picture both antidots need to be simultaneously on resonance to create the chain of resonant levels across the device necessary for resonant reflection to occur. Figure 4 contains schematics of situations in which either one or both antidots are at resonance. The corresponding experimental regions of Fig. 4(c) are marked by B, C, and D. At B and C only one antidot is on resonance, and so there is no breakdown of the QHE. At D, however, both antidots are on resonance simultaneously, allowing resonant reflection to occur.
We now consider this remarkable "spectator" behavior of the molecular modes. Oscillations are observed with a period corresponding to the molecular levels when the center constriction is depleted. In addition, the 4e 2 ͞h conductance value observed at the base of the oscillations in the molecular configuration would not be maintained if the absence of an oscillatory contribution from the molecular mode was only due to a lack of phase coherence. The inner levels can, however, still dominate the conductance modulation if either (a) tunneling occurs directly through the inner levels or (b) the inner levels modulate the tunneling through the outer levels.
Mechanism (a) requires that the transition probability of an electron from the current carrying state to the inner bound state be dominant. This may be a consequence of a reduced screening and rougher potential closer to the antidot due to a lower local carrier density [15] . There is evidence from experiments on single dots [16] and antidots [5] that tunneling is strongly enhanced by equivalent geometrical factors such as curvature in the edge-state path. In this scenario the behavior of dots and antidots might be expected to differ since for dots (antidots) the spatially closest mode to the current carrying edge states originates from the lower (higher) Landau level at lower (higher) densities. Mechanism (b) has been suggested in experiments on single antidots by Ford et al. [5] . In this model electrostatic effects associated with the charging of the inner levels modify the potential close to the antidots with a period corresponding to the atomic level magnetoconductance period. These electrostatic effects modulate the probability of tunneling through the outer (i.e., the molecular) level. Related effects have also been proposed as an explanation for switching events in conductance measurements in quantum dots [8] . In this scenario the resonance configuration associated with tunneling through the outer mode is affected periodically by the transfer of electrons between the molecular mode and the atomic modes. Self-consistent calculations [17] of the potential and electron density distribution at an edge reveal that the two modes closest to a depleted edge are separated by the narrowest incompressible region, suggesting that a strong coupling could exist between the molecular and atomic modes. However, the total absence of conductance modulation at the molecular frequency is not presently understood within any of these scenarios. Other scenarios are possible if many-body effects are invoked. In the single-particle picture, tunneling occurs when the states of a mode traverse the Fermi energy, E F . If e-e interactions are important (cf. Coulomb blockade) the addition of an electron to any molecular state could change its energy so drastically that it is no longer available for tunneling, which occurs solely now through the inner atomic levels. Calculations going beyond the selfconsistent field approximations are needed to resolve these questions.
The results from this experiment have consequences both for the QHE breakdown in narrow wires and for equilibration at edges. The simple molecule described in this paper is but one of many complex potential fluctuation configurations which might be expected to exist in "real" devices. It is clear from our results that conductance measurements in wires will reflect the inner level structure of these fluctuations in a more complex way than previously imagined. It is interesting to speculate if the apparent preferential equilibration to the innermost mode can be generalized to conventional edge-state transport in Hall bars. Any explanation of these effects based on enhanced coupling due to reduced screening at the antidot edge would be relevant to all edge-state transport in Hall bars since the density always goes to zero at the device edge. No edge-state equilibration experiment that we are aware of has, however, investigated this particular question.
In conclusion, we have fabricated a novel device which enables us to set up an antidot molecule configuration. The surprising conclusion is that the conductance appears to be governed by the level structure of the innermost mode. A triangular line shape is observed in experiments involving tunneling through the molecule in the resonant transmission direction (in which case the antidots lie in a parallel configuration). Calculations reveal that this is consistent with the electron being able to transfer between antidots before being transmitted. In the resonant reflection scenario (where the antidots lie in a series configuration) the conductance is only reduced when the levels at both antidots are on resonance simultaneously. In both scenarios the molecular mode "appears" to play the role of a passive spectator.
